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(57) ABSTRACT

To provide an optical gating system capable of performing
single-shot, parallel, and ultrafast gating equal to or less than
a subpicosecond, without depending on coherence. The opti-
cal gating system converts signal light to spatial characteristic
signal light whose intensity distribution has spatial periodic-
ity, and emits the spatial characteristic signal light to a gate
region (13) so as to be obliquely incident on the gate region
(13). In a closed state 1n an opening and closing operation of
the gate region (13), a closed moire fringe pattern (graph 11)
1s created 1n the gate region (13) by overlaying the spatial
characteristic signal light and spatial characteristic closed
light acting 1n a direction 1n which an intensity of the spatial
characteristic signal light 1s decreased in the gate region (13).
In an open state, an open moire fringe pattern (graph 12) is
created 1n the gate region (13) by overlaying the spatial char-
acteristic signal light and spatial characteristic open light
acting 1 a direction in which the intensity of the spatial
characteristic signal light 1s increased 1n the gate region (13).

9 Claims, 15 Drawing Sheets
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OPTICAL GATING SYSTEM USING MOIRE
EFFECT

TECHNICAL FIELD

The present invention relates to an optical gating system
using a moire effect, and in particular relates to an optical
gating system that 1s capable of performing high-sensitive,

parallel, and ultrafast gating without the need for a nonlinear
optical gate device.

BACKGROUND ART

In recent years, light 1s utilized as an essential element in
every lield of industry. This 1s because light has excellent
properties such as an ultrahigh speed, an ultrawide band,
noninvasiveness, and so on. Especially the ultrahigh speed 1s
a unique property, as there 1s no phenomenon faster than light.
Industrially, this property 1s considered as extremely 1mpor-
tant 1n ultrahigh-speed optical communication and the like.
On the other hand, since there 1s no phenomenon faster than
light, when measuring a transient change of state of light
itself, a method of repeatedly performing measurement 1s
often used. Aside from the measurement repetition method,
there 1s also a method of performing measurement 1n a single
shot. Examples of the single-shot measurement method
include a method of using a streak camera that performs
measurement by forcing a detlection of light, and a method of
using ultrafast interterence (optical spectrogram scope) with

reference light (1or example, see Patent Reference 1).
Patent Reference 1: Japanese Patent No. 3018173

DISCLOSURE OF INVENTION

Problems that Invention i1s to Solve

However, the former of the aforementioned techniques 1s
limited 1n resolution and the like, since a deflection faster than
light 1s 1mpossible. The latter of the aforementioned tech-
niques has difficulties 1n measurement of incoherent light,
since the technique 1s predicated on coherence between mea-
sured light and gate light.

In industrnial fields, measurement of incoherent light whose
teature cannot be specified beforehand 1s also very important.
Thus, the conventional optical measurement techniques are
problematic 1n that repeated measurement 1s unavoidable due
to the lack of a decistve method of scanning that exceeds the
speed of light.

The present invention has been developed in view of the
above problem, and has an object of providing an optical
gating system that 1s capable of performing single-shot, par-
allel, and ultrafast gating equal to or less than a subpicosec-
ond, without depending on coherence.

Means to Solve the Problems

To achieve the stated object, an optical gating system
according to the present invention 1s (a) an optical gating
system that, 1n a same manner as performing an opening and
closing operation of a gate, controls passage of signal light
incident on a gate region which functions as the gate, by using
a moire effect, the optical gating system including: (al) a first
spatial characteristic light emission unit that converts the
signal light to first spatial characteristic light whose intensity
distribution has spatial periodicity, and emaits the first spatial
characteristic light to the gate region so that the first spatial
characteristic light 1s obliquely incident on the gate region;
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(a2) a second spatial characteristic light emission unit that
emits, to the gate region, second spatial characteristic light
whose tensity distribution has spatial periodicity, the sec-
ond spatial characteristic light acting 1n a direction 1n which
an mtensity of the first spatial characteristic light 1s decreased
in the gate region when overlaid with the first spatial charac-
teristic light 1n the gate region; and (a3) a third spatial char-
acteristic light emission unit that emaits, to the gate region,
third spatial characteristic light whose intensity distribution
has spatial periodicity, the third spatial characteristic light
acting 1n a direction 1n which the intensity of the first spatial
characteristic light 1s increased 1n the gate region when over-
laid with the first spatial characteristic light in the gate region,
(a4) wheremn 1n a closed state in the opening and closing
operation, a first moire fringe pattern is created in the gate
region by overlaying the first spatial characteristic light and
the second spatial characteristic light, and 1n an open state in
the opening and closing operation, a second moire fringe
pattern 1s created in the gate region by overlaying the first
spatial characteristic light and the third spatial characteristic
light.

According to this, high-sensitive, parallel, and ultrafast
gating equal to or less than a subpicosecond can be performed
without depending on coherence of signal light.

Note that the present invention may be realized not only as

an optical gating system but also as an optical gating method
and the like.

Eftects of the Invention

According to the present invention, arbitrary signal light
for a predetermined time period can be measured 1n a single
shot. Thus, measurement can be easily performed with high
sensitivity and at low cost, without depending on coherence

of signal light.
High-sensitive, parallel, and ultrafast gating equal to or less

than a subpicosecond can be realized without depending on
coherence of signal light.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 shows an example of a closed moire fringe pattern
and an open moire fringe pattern in an embodiment according
to the present invention.

FIG. 2 shows an example of spatial characteristic signal
light 1n the embodiment according to the present invention.

FIG. 3 shows an example of spatial characteristic closed
light 1n the embodiment according to the present invention.

FIG. 4 shows an example of spatial characteristic open
light 1n the embodiment according to the present invention.

FIG. 5 shows an overview of moire used in an optical
gating system 1n the embodiment according to the present
ivention.

FIG. 6 shows a structure of the optical gating system 1n the
embodiment according to the present invention.

In FIG. 7, (a) shows a situation where only the spatial
characteristic signal light 1s incident on an 1image plane in the
embodiment according to the present invention, (b) shows a
situation where only the spatial characteristic closed light 1s
incident on the image plane 1n the embodiment according to
the present invention, and (¢ ) shows a situation where only the
spatial characteristic open light 1s incident on the 1image plane
in the embodiment according to the present invention.

FIG. 8 shows a change in iringe pattern of the spatial
characteristic signal light 1n the embodiment.
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FIG. 9 shows a time displacement 1in line A-B of the fringe
pattern of the spatial characteristic signal light 1n the embodi-
ment.

In FIG. 10, (a) shows a situation where the closed moire
fringe pattern appears on the image plane 1n the embodiment,
and (b) shows a situation where the open moire fringe pattern
appears on the image plane in the embodiment.

FIG. 11 1s a first view showing an mtensity displacement in
line A-B of the image plane in the embodiment according to
the present invention.

FIG. 12 1s a second view showing an intensity displace-
ment 1 line A-B of the image plane 1n the embodiment
according to the present invention.

FIG. 13 1s a third view showing an intensity displacement
in line A-B of the image plane 1n the embodiment according
to the present invention.

FI1G. 14 1s a fourth view showing an intensity displacement
in line A-B of the image plane 1n the embodiment according
to the present invention.

FI1G. 15 1s a fifth view showing an intensity displacement in
line A-B of the image plane in the embodiment according to
the present invention.

NUMERICAL REFERENC.

(1]
/2

100 Optical gating system

101 Light source

104 Imaging apparatus

105 Image processing apparatus
111, 121, 128 Beam splitter
114, 115, 131, 134 Mirror

112 Signal light generation unit
113,123, 133 Delay unit

116, 126, 136 Grating pattern
117,127, 137 Collimator lens
122 Open light generation unit
132 Closed light generation unit

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1

Embodiment

The following describes an embodiment according to the
present invention, with reference to drawings.

An optical gating system 1n this embodiment has the fol-
lowing features.

(a) An optical gating system, in a same manner as performs-
ing an opening and closing operation of a gate, controls
passage of signal light incident on a gate region which func-
tions as the gate, by using a moire effect, the optical gating
system 1ncluding: (al) a first spatial characteristic light emis-
s1on unit that converts the signal light to first spatial charac-
teristic light whose intensity distribution has spatial period-
icity, and emuits the first spatial characteristic light to the gate
region so that the first spatial characteristic light 1s obliquely
incident on the gate region; (a2) a second spatial characteris-
tic light emission unit that emaits, to the gate region, second
spatial characteristic light whose intensity distribution has
spatial periodicity, the second spatial characteristic light act-
ing 1n a direction i which an intensity of the first spatial
characteristic light 1s decreased in the gate region when over-
laid with the first spatial characteristic light 1n the gate region;
and (a3) a third spatial characteristic light emission unit that
emits, to the gate region, third spatial characteristic light
whose 1ntensity distribution has spatial periodicity, the third
spatial characteristic light acting 1n a direction 1n which the
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4

intensity of the first spatial characteristic light 1s increased 1n
the gate region when overlaid with the first spatial character-
istic light 1n the gate region, (a4) wherein 1n a closed state 1n
the opening and closing operation, a first moire fringe pattern
1s created in the gate region by overlaying the first spatial
characteristic light and the second spatial characteristic light,
and 1n an open state 1n the opening and closing operation, a
second moire fringe pattern is created in the gate region by
overlaying the first spatial characteristic light and the third
spatial characteristic light.

In view of the above, the following describes an optical
system of gating in this embodiment

A principle of the optical gating system 1n this embodiment
1s described first.

The optical gating system 1n this embodiment 1s a system
that, as 1f to perform an opening and closing operation of a
gate, controls passage of signal light incident on a region
which functions as the gate (herealter referred to as a gate
region), by using a moire effect. The signal light mentioned
here 1s arbitrary light which may be any of coherent light and
incoherent light. In detail, a moire fringe pattern correspond-
ing to an open or closed state is created in the gate region, as
a substitute for the gate. Here, a closed moire fringe pattern is
created when blocking the passage of the signal light as 11 to
close the gate, and an open moire fringe pattern is created
when allowing the passage of the signal light as 1 to open the
gate (for example, see FIG. 1).

FIG. 1 shows an example of the closed moire fringe pattern
and the open moire fringe pattern in this embodiment. In each
of graphs 11 and 12, a horizontal axis represents a position,
and a vertical axis represents an intensity.

As shown in FIG. 1, the closed moirée fringe pattern (graph
11) is a moire fringe pattern corresponding to the closed state
in the opening and closing operation, and 1s created by over-
laying spatial characteristic signal light (for example, see
FIG. 2) and spatial characteristic closed light (for example,
see FIG. 3). The open moire fringe pattern (graph 12) is a
moire fringe pattern corresponding to the open state in the
opening and closing operation, and 1s created by overlaying
the spatial characteristic signal light (for example, see FIG. 2)
and spatial characteristic open light (for example, see FIG. 4).

FIG. 2 shows an example of the spatial characteristic signal
light 1n this embodiment. FIG. 3 shows an example of the
spatial characteristic closed light in this embodiment. FIG. 4
shows an example of the spatial characteristic open light 1n
this embodiment. In each of graphs 21, 31, and 41, a horizon-
tal axis represents a position, and a vertical axis represents an
amplitude. In each of to graphs 22. 32, and 42, a horizontal
axis represents a position, and a vertical axis represents an
intensity.

As shown 1n FIG. 2, the spatial characteristic signal light
(graph 21) 1s light which 1s obtained by converting the signal
light using a first grating pattern or the like, and whose inten-
sity distribution has spatial periodicity (graph 22). Moreover,
the spatial characteristic signal light 1s light for forming a first
fringe pattern in a gate region 13.

As shown 1n FIG. 3, the spatial characteristic closed light
(graph 31) 1s light which 1s obtained by converting closed
light using a second grating pattern or the like, and whose
intensity distribution has spatial periodicity (graph 32).
Moreover, the spatial characteristic closed light 1s light for
forming a second fringe pattern that forms the closed moire
fringe pattern when overlaid with the first fringe pattern, 1n
the gate region 13. Which 1s to say, the spatial characteristic
closed light 1s light acting 1n a direction 1n which the intensity
of the spatial characteristic signal light 1s decreased in the gate
region 13. Note that the spatial characteristic closed light 1s
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emitted 1n a time period that excludes a predetermined time
period from a time period during which the spatial character-
istic signal light 1s emitted to the gate region 13.

As shown 1 FIG. 4, the spatial characteristic open light
(graph 41) 1s light which 1s obtained by converting open light
using a third grating pattern or the like, and whose 1ntensity
distribution has spatial periodicity (graph 42). Moreover, the
spatial characteristic open light 1s light for forming a third
fringe pattern that forms the open moire fringe pattern when
overlaid with the first fringe pattern, in the gate region 13.
Which 1s to say, the spatial characteristic open light 1s light
acting 1 a direction in which the intensity of the spatial
characteristic signal light 1s increased 1n the gate region 13.
Note that the spatial characteristic open light 1s emaitted in the
predetermined time period 1n the time period during which
the spatial characteristic signal light 1s emitted to the gate
region 13.

Accordingly, in the closed moire fringe pattern (graph 11),
a region that 1s low 1n intensity occupies most of the gate
region 13. In the open moire fringe pattern (graph 12), a
plurality of regions that are high 1n 1intensity such as crests 134
to 13¢g are present 1n the gate region 13.

Thus, the optical gating system can block or permit the
passage of the signal light incident on the gate region 13, as it
to close or open the gate.

Moreover, the spatial characteristic signal light obtained
from the signal light 1s obliquely incident on the gate region.
In this way, a time component of the signal light can be
associated with a space of the gate region. This 1s because the
oblique 1ncidence causes an optical path difference to occur
according to a position of incidence. Consider an example of
parallel signal light incident on the gate region at one time. In
such a case, signal light incident on an upper part of the gate
region comes later than signal light incident on a lower part of
the gate region. Which 1s to say, portions of signal light at
respective times according to an optical path difference are
simultaneously incident on the same gate region. This enables
signal light over a predetermined time period to be extracted
in parallel 1n a single shot.

The moire effect used by the optical gating system in this
embodiment 1s described next.

FIG. 5 shows an overview of moire used by the optical
gating system 1n this embodiment. In each of graphs 31 and
52, a horizontal axis represents a position, and a vertical axis
represents an amplitude.

As shown 1n FIG. 5, for example when two types of light
with different phases such as the spatial characteristic signal
light (cos(10*1.15*x)) and the spatial characteristic closed
light (cos(10*x+31.4/3.4)) are overlaid with each other
(graph 51), a moire fringe pattern where brightness and dark-
ness are uniformly repeated appears (graph 11). Furthermore,
when the phase 1s slightly shifted from the spatial character-
istic closed light (cos(10*x+31.4/3.4)) to, for example, the
spatial characteristic open light (cos(10*x)) (graph 52), a
moire fringe pattern where the brightness and darkness rep-
ctition 1s 1mverted appears (graph 12).

Thus, a moire fringe pattern 1is created by overlaying two
patterns having regulanity with each other. Especially when
straight-line patterns, curved-line patterns, point patterns, or
the like having periodicity are overlaid with each other, a
moire fringe pattern different from the original periodicity
appears. Such a moire fringe pattern can also be created by
overlaying two patterns having different pitches. Moreover,
even when two patterns have a same pitch, the moire fringe
pattern can be created by rotating one pattern by small angle
0 and overlaying the two patterns. Furthermore, by shifting in
phase, 1t 1s possible to invert the brightness and darkness, such

10

15

20

25

30

35

40

45

50

55

60

65

6

as darkening a bright region as 1n the case of a region 53 to a
region 54, or brightening a dark region as in the case of a
region 53 to a region 56.

The following describes a structure of the optical gating
system 1n this embodiment.

FIG. 6 shows the structure of the optical gating system 1n
this embodiment. As shown 1n FIG. 6, an optical gating sys-
tem 100 includes, for example, a light source 101, an 1maging
apparatus 104, an 1image processing apparatus 105, an optical
system that generates signal light, and an optical system that
generates gate light for controlling the opening and closing
operation of the gate region 13.

Here, the closed light and the open light are used as the gate
light. The spatial characteristic closed light 1s light obtained
by converting the closed light to light whose intensity distri-
bution has spatial periodicity. The spatial characteristic open
light 1s light obtained by converting the open light to light
whose 1intensity distribution has spatial periodicity. To obtain
light having spatial characteristics from each of the signal
light, the closed light, and the open light, a well-known dii-
fraction phenomenon 1s employed. Each optical element 1s
arranged so that an 1mage plane 141 of an imaging device
included in the imaging apparatus 104 coincides with the gate
region. When the open moire fringe pattern is projected on the
image plane which 1s positioned to the gate region, the open
moire fringe pattern projected on the image plane is captured
by the imaging apparatus 104. An intensity distribution of the
signal light 1n a direction 1n which the signal light travels 1n
the gate region 1s extracted from a bright portion of the cap-
tured open moire fringe pattern, and a time waveform of the
signal light 1s specified from the extracted intensity distribu-
tion.

Light emitted from the light source 101 i1s branched by a
beam splitter 111, into light entering the optical system that
generates the signal light and light entering the optical system
that generates the gate light.

The light entering the optical system that generates the
signal light enters a signal light generation unit 112, as a
source of signal light emitted from the signal light generation
unit 112.

The signal light generation unit 112 generates, for
example, a transmitted wave, a reflected wave, or the like by
applying the incoming light to a measurement object. The
signal light generation unit 112 emits the generated transmit-
ted wave, retlected wave, or the like as the signal light. Note
that the transmitted wave or reflected wave may include fluo-
rescence, phosphorescence, and the like.

The signal light emitted from the signal light generation
unit 112 enters a delay unit 113. The delay unit 113 adjusts an
emission timing of the signal light. The signal light whose
emission timing 1s adjusted by the delay unit 113 passes
through mirrors 114 and 115 and enters a grating pattern 116
(first grating pattern).

The grating pattern 116 1s formed by arranging a plurality
of linear grating elements which extend in a first axial direc-
tion, with a first pitch in a second axial direction orthogonal to
the first axis. In addition, the grating pattern 116 1s situated so
that the signal light 1s vertically incident on a plane where the
plurality of grating elements are formed. The 1incident signal
light 1s transmitted and emitted as the spatial characteristic
signal light.

The spatial characteristic signal light emitted from the
grating pattern 116 1s converted to a parallel pencil of light by
a collimator lens 117, and enters the imaging apparatus 104.

Note that a moire formation grating such as the grating
patterns 116,126, 136, and the like may also be formed using
a liquid crystal spatial light modulator (SLM). In this case, by
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clectrically changing a liquid crystal pattern of the liqud
crystal spatial light modulator, the grating width, phase,
angle, and so on can be automatically adjusted, which con-
tributes to greater usability.

(a) in FIG. 7 shows a situation where only the spatial
characteristic signal light 1s incident on the image plane in this
embodiment. Here, the spatial characteristic signal light
(graph 21) 1s obliquely incident on the image plane 141, as
shown 1n (a) 1n FI1G. 7. As aresult, a fringe pattern 151 (graph
22) obtained from the spatial characteristic signal light (graph
21) appears on the image plane 141.

FIG. 8 shows a change in fringe pattern of the spatial
characteristic signal light in this embodiment. As shown 1n
FIG. 8, the spatial characteristic signal light (graph 21) travels
on the image plane 141 from the right side (side B) to the left
side (side A) along line A-B, approximately at the speed of
light. In more detail, before the emission of the signal light 1s
started by the signal light generation umt 112, nothing 1s
projected on the image plane 141. Subsequently, when the
emission of the signal light 1s started by the signal light
generation unit 112 and the spatlal characteristic signal light
(graph 21) begins to reach the image plane 141, fringe pat-
terns 151a to 151e are projected on the image plane 141 in
sequence. Once the spatial characteristic signal light (graph
21) has reached the 1mage plane 141, a fringe pattern 151/ 1s
projected on the image plane 141.

After this, when the emission of the signal light 1s com-
pleted by the signal light generation unit 112 and the spatial
characteristic signal light (graph 21) begins to stop reaching
the image plane 141, fringe patterns 151fto 151; are projected
on the image plane 141 in sequence. Once the spatial charac-
teristic signal light (graph 21) has stopped reaching the image

plane 141, nothing 1s projected on the 1mage plane 141.

FI1G. 9 shows a time displacement 1n line A-B of the fringe
pattern of the spatial characteristic signal light 1n this embodi-
ment. As a result of the oblique incidence of the spatial
characteristic signal light on the 1mage plane 141 along line
A-B, the fringe pattern 151 expands along line A-B, as shown
in FIG. 9. The spatial characteristic signal light for a time
period corresponding to an incidence angle 1s simultaneously
incident on the 1mage plane.

Note that time Ta 1s a time period required for the spatial
characteristic signal light to travel through the image plane,
and time Tb 1s a time period required for the spatial charac-
teristic signal light to travel through a crest.

Suppose the fringe pattern 151 1s sampled at line A-B for a
predetermined time period. In this case, as shown by the time
displacement (graph 161) of the fringe pattern 151, the fringe
pattern 151 1s approximately constant while the spatial char-
acteristic signal light 21 1s incident. Accordingly, even when
the spatial characteristic signal light 21 travels from right to
left along line A-B, the fringe pattern 151 1tself does not
move. However, the spatial characteristic signal light which
appears at a lowest (side B) crest at time tl travels to a next
higher crest (toward side A) at time t2. The spatial character-
1stic signal light travels through crests in sequence, and moves
to a highest (side A) crest at time t9. This being so, when the
open moire fringe pattern is left to appear longer than time Tb,
the spatial characteristic signal light travels through crests for
the time period during which the open moiré fringe pattern
appears, which causes an obscure 1mage.

As shown 1n FIG. 6, the light entering the optical system
that generates the gate light 1s further branched by a beam
splitter 121, into light passing through a mirror 131 and
entering a closed light generation unit 132 as a source of
closed light emitted from the closed light generation unit 132
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and light entering an open light generation unit 122 as a
source of open light emitted from the open light generation
unit 122.

The closed light generation umit 132 generates, for
example, light whose amplitude 1s constant in the closed state
and O 1n the open state, from the mncoming light. The closed
light generation unit 132 emits the generated light as the
closed light.

The closed light emaitted from the closed light generation
unit 132 enters a delay unit 133. The delay unit 133 adjusts an
emission timing of the closed light. The closed light whose
emission timing 1s adjusted by the delay unit 133 passes
through a mirror 134 and enters a grating pattern 136 (second
grating pattern).

The grating pattern 136 1s formed by arranging a plurality
of linear grating elements which extend 1n a third axial direc-
tion, with a second pitch 1n a fourth axial direction orthogonal
to the third axis. In addition, the grating pattern 136 1s situated
so that the closed light 1s vertically incident on a plane where
the plurality of grating elements are formed. The incident
closed light 1s transmitted and emitted as the spatial charac-
teristic closed light.

The spatial characteristic closed light emitted from the
grating pattern 136 1s converted to a parallel pencil of light by
a collimator lens 137, passes through a beam splitter 128, and
enters the 1maging apparatus 104.

(b) in FIG. 7 shows a situation where only the spatial
characteristic closed light 1s incident on the 1mage plane 1n
this embodiment. Here, the spatial characteristic closed light
(graph 31) 1s vertically incident on the image plane 141, as
shown 1n (b) 1n FIG. 7. As aresult, a fringe pattern 152 (graph
32) obtamned from the spatial characteristic closed light
(graph 31) appears on the 1image plane 141.

The open light generation unit 122 generates, for example,
light whose amplitude 1s O 1n the closed state and constant 1n
the open state, from the incoming light. The open light gen-
eration unit 122 emaits the generated light as the open light.

The open light emitted from the open light generation unit
122 enters a delay unit 123. The delay unit 123 adjusts an
emission timing of the open light. The open light whose
emission timing 1s adjusted by the delay unit 123 enters a
grating pattern 126 (third grating pattern).

The grating pattern 126 1s formed by arranging a plurality
of linear grating elements which extend in a fifth axial direc-
tion, with a third pitch 1n a sixth axial direction orthogonal to
the fifth axis. In addition, the grating pattern 126 1s situated so
that the open light 1s vertically incident on a plane where the

plurality of grating elements are formed. The incident open
light 1s transmitted and emitted as the spatial characteristic
open light.

The spatial characteristic open light emitted from the grat-
ing pattern 126 1s converted to a parallel pencil of light by a
collimator lens 127, passes through the beam splitter 128, and
enters the 1maging apparatus 104.

(¢) in FIG. 7 shows a situation where only the spatial
characteristic open light 1s incident on the 1mage plane 1n this
embodiment. Here, the spatial characteristic open light
(graph 41) 1s vertically incident on the image plane 141, as
shown 1n (¢) 1n FIG. 7. As a result, a fringe pattern 153 (graph
42) obtained from the spatial characteristic open light (graph
41) appears on the image plane 141.

Thus, by using the closed light and the open light as the gate
light, 1t is possible to switch between the open moiré fringe
pattern and the closed moire fringe pattern in the opening and
closing operation.

(a) in FIG. 10 shows a situation where the closed moire
fringe pattern appears on the image plane in this embodiment.
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Suppose the delay units 113 and 133 adjust the emission
timings so that the spatial characteristic signal light (graph
21) and the spatial characteristic closed light (graph 31) enter
the imaging apparatus 104 simultaneously, as shown in (a) in
FIG. 10. In such a case, the spatial characteristic signal light
(graph 21) and the spatial characteristic closed light (graph
31) overlay with each other, as a result of which a closed
moire fringe pattern 171 (graph 11) appears on the image
plane 141.

Likewise, (b) 1n FIG. 10 shows a situation where the open
moire fringe pattern appears on the image plane in this
embodiment. Suppose the delay units 123 and 113 adjust the
emission timings so that the spatial characteristic signal light
(graph 21) and the spatial characteristic open light (graph 41)
enter the imaging apparatus 104 simultaneously, as shown 1n
(b) in FIG. 10. In such a case, the spatial characteristic signal
light (graph 21) and the spatial characteristic open light
(graph 41) overlay with each other, as a result of which an
open moire fringe pattern 172 (graph 12) appears on the
image plane 141.

The optical gating system 100 captures the open moire
fringe pattern appearing on the image plane 141 by the imag-
ing apparatus 104, and performs 1image processing on image
data of the captured open moire fringe pattern by the image
processing apparatus 105. When doing so, an intensity 1s
extracted from a plurality of crests (regions which are high 1n
intensity) along line A-B, 1n image data corresponding to line
A-B of the image plane 141. The intensity of the signal light
can be specified by using the extracted intensity and a preset
intensity of each of the closed light and the open light.

Here, the signal light generation unit 112, the open light
generation unit 122, and the closed light generation unit 132
may generate the signal light, the open light, and the closed
light using a common light source or different light sources.

Note that, before the image captured by the imaging appa-
ratus 104 1s submitted to the image processing by the image
processing apparatus 105, an amplitude equal to or less than
a predetermined amplitude 1s removed.

The above describes an example where the method of
overlaying light transmitted through grating patterns 1s used
as the method of creating a fringe pattern on the 1mage plane
141. However, a Iringe pattern on the image plane 141 may be
created using a method other than the method of overlaying
light transmitted through grating patterns.

Moreover, the first pitch of the grating pattern 116 and the
second pitch of the grating pattern 136 may be the same or
different. When the first pitch and the second pitch are differ-
ent, the grating pattern 116 and the grating pattern 136 may be
placed without a small rotation so that the first axis and the
third axis are 1n parallel with each other.

Moreover, the first pitch of the grating pattern 116 and the
third pitch of the grating pattern 126 may be the same or
different. When the first pitch and the third pitch are different,
the grating pattern 116 and the grating pattern 126 may be
placed without a small rotation so that the first axis and the
fifth axis are 1n parallel with each other.

Moreover, the second pitch of the grating pattern 136 and
the third pitch of the grating pattern 126 may be the same or
different. When the second pitch and the third pitch are dii-
terent, the grating pattern 136 and the grating pattern 126 may
be placed without a small rotation so that the third axis and the
fifth axis are 1n parallel with each other.

The following describes the moire fringe pattern created by
the signal light and the gate light in this embodiment.

FIGS. 11 to 135 show an intensity displacement 1n line A-B
of the image plane 1n this embodiment.
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As shown i FIG. 11, a graph 181 indicates an intensity
displacement 1n line A-B of the image plane 141. Suppose, at
time ta, the arbitrary signal light 1s not yet emaitted from the
signal light generation unit 112, the closed light whose ampli-
tude 1s constant 1s emitted from the closed light generation
unit 132, and the open light whose amplitude 1s 0 1s emutted
from the open light generation unit 122. In this case, the
spatial characteristic closed light obtained by transmitting the
closed light through the grating pattern 136 1s vertically 1nci-
dent on the image plane 141. As a result, the fringe pattern of
the spatial characteristic closed light appears on the image
plane 141. Here, the fringe pattern 152 of the spatial charac-
teristic closed light has low-intensity crests (dotted-line
regions) in a center part of the image plane 141. Meanwhile,
the amplitude of the open light 1s 0, and so the spatial char-
acteristic open light 1s regarded as O 1n amplitude and 1ts
explanation 1s omaitted.

As shown 1n FIG. 12, a graph 182 indicates an intensity
displacement 1n line A-B of the image plane 141. Suppose, at
time tb, the arbitrary signal light 1s emitted from the signal
light generation unit 112, the closed light whose amplitude 1s
constant 1s emitted from the closed light generation unit 132,
and the open light whose amplitude 1s O 1s emitted from the
open light generation unit 122. In this case, the spatial char-
acteristic signal light obtained by transmuitting the signal light
through the grating pattern 116 1s obliquely incident on the
image plane 141 along line A-B. The spatial characteristic
closed light obtained by transmaitting the closed light through
the grating pattern 136 1s vertically incident on the image
plane 141. As a result, the closed moire fringe pattern 171
appears on the image plane 141. Here, the closed moire fringe
pattern 171 has low-1ntensity crests (dashed-line regions) in a
center part of the image plane 141, and further has low-
intensity crests (dotted-line regions) 1n a periphery of the
center part. Meanwhile, the amplitude of the open light 1s O,
and so the spatial characteristic open light 1s regarded as 0 1n
amplitude and its explanation 1s omuitted.

As shown 1n FIG. 13, a graph 183 indicates an intensity
displacement 1n line A-B of the image plane 141. Suppose, at
time tc, the arbitrary signal light 1s emitted from the signal
light generation unit 112, the closed light whose amplitude 1s
0 1s emitted from the closed light generation unit 132, and the
open light whose amplitude 1s constant 1s emitted from the
open light generation unit 122. In this case, the spatial char-
acteristic signal light obtained by transmuitting the signal light
through the grating pattern 116 1s obliquely incident on the
image plane 141 along line A-B. The spatial characteristic
open light obtained by transmitting the open light through the
grating pattern 126 1s vertically incident on the image plane
141. As a result, the open moire fringe pattern 172 appears on
the image plane 141. Here, the open moire fringe pattern 172
has high-intensity crests (solid-lineregions) in a center part of
the 1image plane 141, and also has low-intensity crests (dot-
ted-line regions) 1n a periphery of the center part. Meanwhile,
the amplitude of the closed light 1s 0, and so the spatial
characteristic closed light 1s regarded as 0 1n amplitude and 1ts
explanation 1s omitted.

As shown 1 FIG. 14, a graph 184 indicates an intensity
displacement 1n line A-B of the image plane 141. Suppose, at
time td, the arbitrary signal light 1s emitted from the signal
light generation unit 112, the closed light whose amplitude 1s
constant 1s emitted from the closed light generation unit 132,
and the open light whose amplitude 1s O 1s emitted from the
open light generation unit 122. In this case, the spatial char-
acteristic signal light obtained by transmitting the signal light
through the grating pattern 116 1s obliquely incident on the
image plane 141 along line A-B. The spatial characteristic
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closed light obtained by transmitting the closed light through
the grating pattern 136 is vertically incident on the image
plane 141. As a result, the closed moire fringe pattern 171
appears on the image plane 141. Here, the closed moire fringe
pattern 171 has low-1ntensity crests (dashed-line regions) in a
center part of the image plane 141, and further has low-
intensity crests (dotted-line regions) 1 a periphery of the
center part. Meanwhile, the amplitude of the open light 1s O,
and so the spatial characteristic open light 1s regarded as 0 1n
amplitude and 1ts explanation 1s omaitted.

As shown 1n FIG. 15, a graph 185 indicates an intensity
displacement 1n line A-B of the image plane 141. Suppose, at
time te, the arbitrary signal light 1s no longer emitted from the
signal light generation unit 112, the closed light whose ampli-
tude 1s constant 1s emitted from the closed light generation
unit 132, and the open light whose amplitude 1s 0 1s emitted
from the open light generation unit 122. In this case, the
spatial characteristic closed light obtained by transmuitting the

closed light through the grating pattern 136 1s vertically 1nci-
dent on the image plane 141. As a result, the fringe pattern of

the spatial characteristic closed light appears on the image
plane 141. Here, the fringe pattern 152 of the spatial charac-
teristic closed light has low-intensity crests (dotted-line
regions) in a center part of the image plane 141. Meanwhile,
the amplitude of the open light 1s 0, and so the spatial char-

acteristic open light 1s regarded as 0 1in amplitude and 1ts

explanation 1s omitted.

As described above, according to the optical gating system
100 1n this embodiment, high-sensitive, parallel, and ultrafast

gating equal to or less than a subpicosecond can be realized
without depending on coherence of signal light. This makes 1t
possible to perform single-shot measurement in a depth direc-
tion, with there being no need for mechanical scanning.

The following describes a typical theoretical formula of
moire that 1s formed by time-varying illumination light used
in the 1image processing apparatus 105 in the optical gating
system according to the present invention. Assuming a sim-
plest case where the amplitude umiformly changes in the
space according to time signal 1(t), intensity I of the closed
moire fringe pattern is given by the following Expression (1)
with respect to 1(t).

Ierose(t; x) = f()-{] + cos(a-x)} +{1 + cos(f5-x)} |Expression 1]

= Qf(r)ms(w;'g -x)cms(wgﬁ -x) +

I+ f(@)-11 —cos(f-x)}

Here, t denotes a time signal, and X denotes a spatial param-
cter.

When, for the moire image given by the Expression (1), a
high spatial frequency corresponding to a structure equal to or
less than Ax that satisfies the conditions of the following
Expressions (2), (3), (5), and (6) 1s rejected according to
spatial frequency filtering by hardware or software, a moire
image given by an approximate expression of the following
Expression (8) 1s obtained.

1) Relations between Ax and actual spatial dimensions
corresponding to phase shift amounts ¢ of first cosine term
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cos((a+p)x/2) and third cosine term cos([3x) are given by the
following Expressions (2) and (3).

|Expression 2]

- <= A
a+ f P *

1 b <A |Expression 3]
—_— X
p

Here, 2¢/(a+3) and ¢/f3 are the actual spatial dimensions
corresponding to phase shift amounts ¢ of first cosine term
cos((a+[3)x/2) and third cosine term cos([3x).

2) A relation between Ax and an actual spatial dimension
corresponding to phase shift amount ¢ of second cosine term
cos((a—P)x/2) 1s given by the following Expression (4).

b A |Expression 4]
— N x

a—p

Here, 2¢/a.—p 1s the actual spatial dimension correspond-
ing to phase shuft amount ¢ of second cosine term cos({c.—{3)
X/2).

Furthermore, the following state and approximation are
taken 1to account.

1) Relations between Ax and actual spatial dimensions
corresponding to phase shift amounts ¢/2 and ¢ of first cosine
term cos((o+[3)x/2) and third cosine term cos(px) are given
by the following Expressions (5) and (6).

<« Ax [Expression 5]

o+ f

1 b <A |Expression 6]
— - <€ AX
p

Here, ¢/(c+p) and ¢/ are the actual spatial dimensions
corresponding to phase shift amounts ¢ of first cosine term
cos((a+[3)x/2) and third cosine term cos([3x).

2) A relation between Ax and an actual spatial dimension
corresponding to phase shift amount ¢/2 of second cosine
term cos({(a.—[)x/2) 1s given by the following Expression (7).

> Ax [Expression 7]

¢
a=p

Here, ¢/a—{3 1s the actual spatial dimension corresponding,
to phase shift amount ¢ of second cosine term cos((a—)x/2).

Accordingly, intensity I of the open moire fringe pattern is
given by the following Expression (8) with respect to 1(t).

Topen (1 X) = f(1)-1]1 + cos(a-x)} + {1 + cos(f-x + @)}

= Qf(i!‘)ms(wgﬁ-x+ g)cm(w;'g X — §)+

1+ f(5)-{l —cos(f-x+ @)}

|Expression 8]

As shown by the above state and approximation, ({(c.—[3)/2)
in the second cosine term 1n Expressions (1) and (8) has an
extremely small frequency, and so its phase shift amount ¢/2
has a significant contribution as a phase change. On the other
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hand, ((c.+)/2) 1n the first cosine term and [ 1n the third
cosine term 1n the Expressions (1) and (8) have large frequen-
cies, and so phase shift amounts ¢/2 and ¢ 1n the first and third
cosine terms have only small contributions as phase changes.
This being so, a moire contribution can be expressed using the
tollowing Expressions (9) to (14).

ferose(t, x) = Qf(r)ms( : ;— P -x)ms( v ; P -x) + [Expression 9]
L+ f@)-{l —cos(f-x);
lopEn(1; x)“*Qf(I)cms(w * -x)cmsiw ; P X — %) + [Expression 10]
L+ f(@)-{l —cos(f-x);
2n=A |Expression 11]
¢ A @ |Expression 12]
2= 2 2
a+p P 2 dr |Expression 13]
TS min e
A @ - dr @ - 0 |Expression 14]
w2 a+ p 4r a+ f

Phase shift amount ¢/2 in the second cosine term, which 1s
the difference between the above Expression (9) and approxi-
mate Expression (10), indicates a phase difference of the
moire contribution.

INDUSTRIAL APPLICABILITY

The present invention can be used, for example, as an
optical gating system using a moire effect and in particular as
an optical gating system that 1s capable of realizing high-
sensitive, parallel, and ultratast gating. The present invention
can be applied to optical measurement, optical communica-
tion, and optical systems in general which use ultrashort
optical pulses equal to or less than a subpicosecond. In detail,
the present invention can be applied to a fluorescence micro-
scope, a Raman spectromicroscope, a medical measurement
instrument which requires a camera having an ultrafast gate,
and the like.

The mvention claimed 1s:

1. An optical gating system that, in a same manner as
performing an opening and closing operation of a gate, con-
trols passage of signal light incident on a gate region which
functions as the gate, by using a moire effect, said optical
gating system comprising;

a first spatial characteristic light emission unit configured
to convert the signal light to first spatial characteristic
light whose intensity distribution has spatial periodicity,
and emit the first spatial characteristic light to the gate
region so that the first spatial characteristic light is
obliquely 1ncident on the gate region; and

a second spatial characteristic light emission unit config-
ured to emit, to the gate region, second spatial charac-
teristic light whose intensity distribution has spatial
periodicity, the second spatial characteristic light acting
to change an intensity of the first spatial characteristic
light 1n the gate region when overlaid with the first
spatial characteristic light in the gate region,

wherein 1 a predetermined one of an open state and a
closed state in the opening and closing operation, a
moire fringe pattern is created in the gate region by
overlaying the first spatial characteristic light and the
second spatial characteristic light, and
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in another one of the open state and the closed state 1n the
opening and closing operation, the moire fringe pattern
by the second spatial characteristic light is not created in
the gate region.

2. The optical gating system according to claim 1,

wherein the second spatial characteristic light 1s spatial
characteristic light acting 1n a direction in which the
intensity of the first spatial characteristic light 1s
decreased, and

the predetermined state 1n which the second spatial char-
acteristic light 1s emitted 1s the closed state 1n the open-
ing and closing operation.

3. The optical gating system according to claim 2, further

comprising

a third spatial characteristic light emission unit configured
to emit, to the gate region, third spatial characteristic
light whose intensity distribution has spatial periodicity,
the third spatial characteristic light acting 1n a direction
in which the intensity of the first spatial characteristic
light 1s increased 1n the gate region when overlaid with
the first spatial characteristic light 1n the gate region,

wherein 1n the closed state in the opeming and closing
operation, a first moire fringe pattern is created in the
gate region by overlaying the first spatial characteristic
light and the second spatial characteristic light, and

in the open state 1n the opening and closing operation, a
second moire fringe pattern is created in the gate region
by overlaying the first spatial characteristic light and the
third spatial characteristic light.

4. The optical gating system according to claim 3,

wherein said first spatial characteristic light emission unit
1s configured to emit light for forming a first fringe
pattern 1n the gate region, as the first spatial character-
1stic light,

said second spatial characteristic light emission unit 1s
configured to emit, as the second spatial characteristic
light, light for forming a second fringe pattern 1n the gate
region 1n a time period excluding a predetermined time
period from a duration of the emission of the first spatial
characteristic light to the gate region, the second fringe
pattern forming the first moire fringe pattern when over-
laid with the first fringe pattern, and

said third spatial characteristic light emission unit 1s con-
figured to emut, as the third spatial characteristic light,
light for forming a third fringe pattern in the gate region
in the predetermined time period, the third fringe pattern
forming the second moire fringe pattern when overlaid
with the first fringe pattern.

5. The optical gating system according to claim 4,

wherein said first spatial characteristic light emission unit
1s configured to emit light obtained as a result of the
signal light entering a first grating pattern, as the first
spatial characteristic light,

said second spatial characteristic light emission unit 1s
configured to emit light obtained as a result of predeter-
mined light entering a second grating pattern, as the
second spatial characteristic light, and

said third spatial characteristic light emission unit 1s con-
figured to emit light obtained as a result of predeter-
mined light entering a third grating pattern, as the third
spatial characteristic light.

6. The optical gating system according to claim 3, further

comprising;

an 1maging unit configured to position an 1image plane to
comncide with the gate region, and capture the second
moire fringe pattern projected on the image plane; and
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trolling passage of signal light incident on a gate region which
functions as the gate, by using a moire effect, said optical
gating method comprising:

15

an 1mage processing unit configured to extract, from a
bright portion of the second moir¢ fringe pattern cap-
tured by said imaging unit, an intensity distribution in a

direction 1n which the first spatial characteristic light

converting the signal light to first spatial characteristic light
whose mtensity distribution has spatial periodicity, and

travels 1n the region, and specily a time waveform of the 5 OS¢ : atial T
signal light from the extracted intensity distribution. emitting the first spatial char acteristic llgl}t to ﬂ}e gate
. . . ;. region so that the first spatial characteristic light 1s
7. The optical gating system according to claim 1, . L .
_ _ s _ ' obliquely incident on the gate region; and
wherein the second spatial characteristic light 1s spatial emitting, to the gate region, second spatial characteristic
characteristic light acting i a direction in which the 0 light whose intensity distribution has spatial periodicity,
intensity of the first spatial characteristic light is the second spatial characteristic light acting to change an
increased, and intensity of the first spatial characteristic light in the gate
the predetermined state in which the second spatial char- region when overlaid with the first spatial characteristic
acteristic light 1s emitted 1s the open state 1n the opening light in the gate region,
and closing operation. s Wherein in a predetermined one of an open state and a
8. The optical gating system according to claim 1, closed state in the opening and closing operation, a
wherein said second spatial characteristic light emission moire fringe pattern 1s Freated in tl.le'gat.e region by
unit includes a liquid crystal spatial light modulator, and overlaying ‘fhe first spa‘[‘lali cl}aracterlstlc light and the
is configured to convert predetermined light by said ~ second spatial characteristic light, and |
liquid crystal spatial light modulator and emit the con- 20 10 another one of the open state and the closed state 1n the

verted light to the gate region as the second spatial
characteristic light.

9. An optical gating method for, 1n a same manner as

performing an opening and closing operation of a gate, con-

opening and closing operation, the moire fringe pattern
by the second spatial characteristic light is not created in
the gate region.
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